The purpose of the present study was to evaluate the effects of aerobic physical training (APT) on heart rate variability (HRV) and cardiorespiratory responses at peak condition and ventilatory anaerobic threshold. Ten young (Y: median = 21 years) and seven middle-aged (MA = 53 years) healthy sedentary men were studied. Dynamic exercise tests were performed on a cycloergometer using a continuous ramp protocol (12 to 20 W/min) until exhaustion. A dynamic 24-h electrocardiogram was analyzed by time (TD) (standard deviation of mean R-R intervals) and frequency domain (FD) methods. The power spectral components were expressed as absolute (a) and normalized units (nu) at low (LF) and high (HF) frequencies and as the LF/HF ratio. Control (C) condition: HRV in TD (Y: 108, MA: 96 ms; P<0.05) and FD -LFa, HFa -was significantly higher in young (1030; 2589 ms 2 /Hz) than in middle-aged men (357; 342 ms 2 /Hz) only during sleep (P<0.05); posttraining effects: resting bradycardia (P<0.05) in the awake condition in both groups; V . O 2 increased for both groups at anaerobic threshold (P<0.05), and at peak condition only in young men; HRV in TD and FD (a and nu) was not significantly changed by training in either groups. The vagal predominance during sleep is reduced with aging. The resting bradycardia induced by short-term APT in both age groups suggests that this adaptation is much more related to intrinsic alterations in sinus node than in efferent vagal-sympathetic modulation. Furthermore, the greater alterations in V . O 2 than in HRV may be related to short-term APT.
Introduction
Heart rate variability (HRV) is mainly caused by efferent autonomic modulation of the sinus node. For many years this variable has been expressed only as mean values and standard deviations, i.e., a measure in the time domain representation. However, a noninvasive contribution by each division of autonomic modulation to HRV is possible when this variable is represented in its frequency domain, i.e., the power spectral density analysis. Today, it is well accepted that under specific experimental conditions the power spectrum is a tool of great value for assessing the neural mechanisms controlling heart rate (HR) (1) .
Analysis of HRV in the frequency domain obtained from mathematical processing of the R-R intervals in the electrocardiogram recordings obtained under resting conditions can discriminate two main spectral components: a high frequency one (ranging from 0.15 to 0.40 Hz) and a low frequency one (ranging from 0.04 to 0.15 Hz), considered to be markers of parasympathetic and sympathetic control, respectively (1, 2) . However, Skyschally et al. (3) have suggested that low frequency is influenced by both vagal and sympathetic activity.
Measurement of HRV may be useful as a noninvasive method to assess in man the autonomic nervous system modulation under several physiological conditions such as awake and sleeping situations, different body positions, physical training, and also in pathological conditions (1, (4) (5) (6) . Thus, the HRV expressed both in the time and frequency domains is reduced with age (4,7) due to the dominance of the sympathetic over the parasympathetic balance in this particular condition (4, 7) . This observation is relevant since the reduction of HRV with aging is related to higher cardiovascular morbidity and mortality rates (7, 8) .
There are conflicting reports in the literature concerning the effects of aerobic training on HRV under resting conditions. While some studies have reported an increase in the magnitude of this variable in the time domain (9) , in the frequency domain others have reported absence of modifications (10) , and an increase (11) or decrease (12) of sympathovagal balance in the sinus node.
The effect of age on physical working capacity has also been the subject of many studies (13, 14) that have shown that maximal aerobic capacity, measured as V . O 2 max, reaches a maximum value around the age of 30 years and decreases progressively thereafter. Concerning V . O 2 at the anaerobic threshold, the literature has also shown a decline of this parameter with advancing age (13) and there are studies indicating the occurrence of significant changes in aerobic capacity and autonomic changes in HR after aerobic training in middle-aged subjects (15, 16) .
On the basis of these considerations, the purpose of the present study was to evaluate the effects of 3-month aerobic physical training on the efferent autonomic cardiac control that modulates the HR response at rest in awake and sleeping conditions and on the oxygen uptake at ventilatory anaerobic threshold and peak conditions during dynamic exercise in young and middle-aged men.
Material and Methods

Subjects
Seventeen men volunteered to take part in this study. All of them were in good health based on clinical and physical examination, and laboratory tests that included a standard electrocardiogram (ECG), maximum exercise test (protocol I), chest X-rays, total blood count, urinalysis and clinical biochemical screen tests [glycose, uric acid, total cholesterol and fractions (LDL, HDL and VLDL), and triglycerides]. All subjects had sedentary life-styles and most of them participated only eventually in weekend sport activities.
None of the subjects studied was taking any type of medication. Two different age groups were compared: young group (N = 10), age range of 19 to 29 years (median = 21), and middle-aged group (N = 7), age range of 50 to 59 years (median = 53). The subjects were informed about the experimental procedures and all signed an informed consent form to participate in the present study, which was approved by the Ethics Committee of the State University of Campinas. All individuals were evaluated during the same time of day at an experimental room temperature of 23ºC and relative air humidity between 50 and 60%. Before the day of the experiment the subjects were taken to the experimental room for familiarization with the procedures and the equipment to be used. Each subject had been oriented to avoid caffeinated and alcoholic beverages, to refrain from smoking and not to perform moderate or heavy exercise on the day before the application of protocols I and II or during the 24-h period for the Holter test. On each experimental day, before conducting the programmed protocols, the volunteers were interviewed and examined to confirm the state of good health, the occurrence of a normal night sleep, and to confirm that the control conditions (HR and systemic blood pressure) were in the normal range.
Protocols
Protocol I. All subjects were studied in the resting condition (supine and seated) and during two dynamic exercise tests in the seated position on a cycloergometer, using a continuous protocol on different days separated by a 2-7-day interval, as follows: a) Clinical and diagnostic evaluation. The main purpose of this procedure was to include in the study only healthy men, excluding any subject with evidence of silent ischemic heart disease or other pathologic abnormalities of the cardiovascular system. A 12-lead standard ECG recording was obtained at rest in the supine position. The exercise protocol consisted of 3-min step power increments of 25 W, with a rotation frequency of 60 rpm maintained throughout the test. The exercise tests ended when the subjects presented one or more of the following conditions: 1) clear evidence of physical exhaustion, 2) reaching the age-predicted maximal HR, and 3) inability to maintain a standard cycling frequency due to muscular fatigue. During the protocol the subjects were monitored using the thoracic CM5 lead. An ECG tracing (CM5, aVF and V2) was obtained during the last 10 s of each power level. Arterial pressure was measured by the auscultatory method using a mercury sphygmomanometer during the last 15 s of each power level. b) Functional capacity evaluation: oxygen uptake test. The subjects performed an oxygen uptake test using a progressive incremental exercise protocol. This protocol consisted of a 3-min warm-up at 4 W followed by a continuous power increase set at a value of 12 to 20 W up to physical exhaustion. The choice of the power value increment for each subject, i.e., 12, 15, 17 or 20 W/min, was based on the responses presented in the previous clinical test described above (protocol I-a). A braked electromagnetic cycloergometer equipped with a microprocessor (model Corival 400, Quinton, Seattle, WA, USA) allowed the precise application of individualized power ramp values. At the peak of effort each subject attributed a rating of perceived exertion based on Borg's scale (17) , that varied from 0 to 10 units.
During the exercise test the subjects breathed through a low-resistance valve (Hans Rudolph 2900 device, Kansas City, MO, USA) with a small dead space, and the metabolic and ventilatory variables and parameters were calculated using a specific metabolic analyzer (MMC Horizon System, Sensormedics, Yorba Linda, CA, USA) that provided average values at 15- O 2 ) could be measured with a difference of about 2%. In the present study anaerobic threshold was expressed as absolute (ml/min) and normalized values, i.e., corrected for body weight (ml kg -1 min -1 ) and as percentage of peak V . O 2 . Absolute HR values at anaerobic thresholds and under peak conditions were obtained with an ECG recording system (Funbec, São Paulo, SP, Brazil). The signals were recorded in real time after analog to digital conversion and the R-R intervals (periods expressed in milliseconds between R-R peak waves of ECG signal) were calculated on a beat-to-beat basis using a specific software (19) . The HR values are reported as averages at 10-s intervals.
Protocol II: 24-h Holter electrocardiogram. At least 48 h after the previous test (Ib), the subjects were submitted to a 24-h Holter recording. The main purpose of this test was to assess the contribution of the autonomic nervous system to the control of HR before and after physical training, by measuring HRV using time and frequency domain methods. ECG signals (leads CM2 and CM5) were recorded using a 24-h Holter tape recorder (Del Mar Avionics, Irvine, CA, USA).
At the beginning of the Holter recording, the volunteers were asked to rest in the supine position for 60 min. After this time, they were instructed on how to proceed throughout the recording period. After a 24-h recording, the volunteers returned to the laboratory to finish the procedure.
The reading and analysis of the ECG recording were done using a Holter Management System (model 750 A Innovator, Del Mar Avionics). A complete automated 24-h report and a visual inspection by the researcher were performed to make sure that the cardiac rhythm was sinusal and that there was no abnormality in atrioventricular electrical conduction. Then, the average HR and R-R interval, with the respective standard deviations (time domain), were measured under awake (initial 60 min -2:00-3:00 pm) and sleeping conditions (central 6 h -i.e., without the first and last sleep hours -0:00-6:00 am). Following the next step of analysis, the highest stationary sections of R-R intervals on the monitor display were selected for analysis of HRV as a criterion required for correct application of frequency domain analysis, i.e., fast Fourier transform (1) .
The data of R-R intervals during a period of resting in the supine position in the awake (2:00-3:00 pm) and sleeping states (0:00-6:00 am) were analyzed in short-term recordings which included four consecutive nonoverlapping windows of 256 s each. The data of R-R intervals during the sleep period were analyzed after an initial sleeping time of approximately 160 min for the young group and 180 min for the middle-aged group.
The selected time domain parameters studied were the mean R-R interval and the corresponding standard deviation. For frequency domain analysis, the power spectral components are reported at low (0.04 to 0.15 Hz) and high (0.15 to 0.4 Hz) frequencies obtained using the fast Fourier transform in absolute and normalized units. The low/high frequency ratio of absolute power was also measured (5, 20) . The absolute low and high frequencies are reported as ms 2 /Hz while normalized units were computed by dividing the absolute power of a given low or high frequency component by the total power, after subtracting from it the power of the component with a range frequency between 0 and 0.03 Hz, i.e., very low frequency, and multiplying this ratio by 100 (1, 20) .
Protocol III: aerobic exercise training. The program was conducted for 3 months on a field track and included stretching for 10 min followed by walking and/or jogging for 40 min, three times a week at a prescribed HR that corresponded to 70 to 85% of peak HR obtained during a continuous dynamic exercise test performed in a laboratory environment (protocol I-b: functional capacity evaluation). This intensity training range was also based on metabolic profile, since 75% of peak HR in each volunteer corresponded or was very close to the HR at the anaerobic threshold obtained previously during the oxygen uptake test. Thus, in each training session the subjects were submitted to progressive intensities of exercise (walking and/or jogging) at HR values that were below, equal to and above those related to anaerobic threshold. During the exercise program the subjects used pulse monitors (model Vantage XL, Polar, Port Washington, NY, USA) to ensure they were exercising at the appropriate intensity. The aerobic training intensity was adjusted during a 7-day interval based on rest and exercise HR measured with the above specified pulse monitor, compared to the previous control period (protocol I-b).
Statistical analysis
The data are reported as medians, quartiles (1st and 3rd) and minimum and maximum values using the Tukey box-plot. Due to nonGaussian distribution and/or inhomogeneity of variance of variable values, nonparametric tests were selected for statistical analysis. Thus, the Mann-Whitney and Wilcoxon nonparametric tests were used for intergroup and intragroup comparisons, respectively, with the level of significance set at 5%.
Results
The physical characteristics of the young and middle-aged subjects are shown in Table  1 . Under control conditions, and after aerobic training, median age, weight and body mass index were higher in the middle-aged than in the young group (P<0.05); only median height was similar for the two groups. After aerobic training, the intragroup differences in weight and body mass index were not statistically significant.
Exercise conditions
Responses to dynamic exercise: anaerobic threshold and peak oxygen uptake. Under control conditions, anaerobic threshold and V . O 2 reported as absolute oxygen uptake and normalized values for body weight were lower (P<0.05) in middle-aged than in young men (Table 2) . Again, under control conditions the values of HR at anaerobic threshold and peak effort, as well as power at anaerobic threshold were significantly lower in middle-aged men than young men (Table 2) .
After 3 months of aerobic physical training the absolute and normalized values of V . O 2 at anaerobic threshold increased significantly (P<0.05) for both groups; under peak conditions the same occurred for V . O 2 (absolute) only for the young group and for the power values for both groups. However, under peak conditions the inter-and intragroup 
Holter ECG analysis: R-R interval and its variability in awake and sleeping conditions
Time domain index of HRV: before and after exercise training. In the awake resting supine position the mean R-R interval and its standard deviation did not differ between groups before or after training ( Table 3 ). The HR values were lower in the sleeping than in the awake resting supine condition (the inverse for R-R interval) for both groups (P<0.05). Aerobic physical training induced significant (P<0.05) bradycardia (increase in average R-R interval) of comparable magnitude for both groups studied in the awake resting supine position (Table 3) . Table 4 shows that the mean R-R interval and standard deviation throughout the 6-h central sleep were significantly (P<0.05) higher in the young than in the middle-aged group under control conditions as well as after physical training. The initial time of sleep analysis for short-term time and frequency domains did not differ significantly between groups, being 159 min for the young group and 183 min for the middle-aged group. In relation to the effect of physical training on sleep, there were no statistically significant changes in average HR, average R-R intervals or standard deviation of average R-R intervals in either group studied.
Frequency domain index of HRV before and after exercise training. Tables 3 and 4 show the HRV in the frequency domain expressed as absolute values in the resting supine position in the awake and sleeping condition, respectively. In the awake control condition no statistical difference could be found in the low frequency, high frequency or total power component between groups, as reported in absolute values. However, after aerobic physical training only the young group presented a significantly higher absolute low frequency power component compared to the control condition (P<0.05); intergroup analysis showed that in the posttraining condition the young group presented differences in effort perception (Borg's scale) before and after training were not statistically significant (Table 2) . Table 3 . Comparison of heart rate variability during the resting supine awake condition (2:00-3:00 pm) before (control, C) and after three months of aerobic physical training (APT). a significantly higher absolute low frequency power component than the middle-aged one (P<0.05).
On the other hand, during the control sleeping condition, the absolute high frequency component, an index of vagal tone, was 7.6 times higher (P<0.05) in the young than in the middle-aged group (median = 2589 and 342 ms 2 /Hz, respectively). This magnitude decreased 2.8 times after training (P<0.05). The absolute low frequency component during sleep was significantly higher (P<0.05) in the young than in the middleaged group only in the control condition (1030 and 357 ms 2 /Hz) and not in the aerobic physical training condition (930 and 502 ms 2 /Hz). Also, the total power was significantly greater (P<0.05) in the young than in the middle-aged group in the control condition (4862 and 1225 ms 2 /Hz, respectively) and in the post-training condition (3152 and 1584 ms 2 /Hz, respectively).
The outstanding finding is that the aerobic training did not change any frequency domain component (absolute low and high frequencies) when intragroup comparisons were considered.
When the content of each frequency band was reported as normalized units (normalized high and low frequencies) and as a ratio of absolute values (low/high frequency) the differences were statistically significant only in the sleeping control condition, since normalized low frequency and the low/high frequency ratio were lower and normalized high frequency was higher in the young than in the middle-aged group. After aerobic training the differences were also not statistically significant for inter-or intragroup comparisons (Figures 1 and 2) .
Discussion
In the present study, aerobic exercise training caused an increase in aerobic capacity, i.e., oxygen uptake and transport, indicated by a significant increase in V . O 2 -anaero- Outliers bic threshold in both groups and in peak V . O 2 for the young group only, as well as an increase in power peak for both groups. This increase in aerobic capacity has been documented in other studies (10, 15, 16, 21, 22) for both anaerobic threshold and peak V . O 2 . The reasons for the middle-aged group not to increase the peak V . O 2 may not be due exclusively to the experimental design used, i.e., a longitudinal study with short-time aerobic training. Some possible explanations for this difference are: 1) anthropometric characteristics and the number of subjects studied; 2) type of experimental protocols used, i.e., continuous exercise on a cycloergometer, in relation to the type of exercise training, i.e., walking and jogging on a field track. On the other hand, the perception of effort at peak level, evaluated with Borg's scale (17), was not modified by exercise training despite the increase in aerobic power, suggesting that during exercise the volunteers were pushed to their limits.
In addition, our data showed that the V . O 2 -anaerobic threshold when reported as absolute and normalized (ml kg -1 min -1 ) values proved to be more sensitive than peak V . O 2 in detecting aerobic capacity changes induced by short-term aerobic training in both age groups. It should be emphasized that anaerobic threshold has also the advantage of being a parameter measured directly under submaximal testing conditions independently of a required voluntary motivation effort by the subjects, i.e., without the need for vocal reinforcement by the researcher aiming to extend the exercise to the power value needed to obtain the V . O 2 max or peak V . O 2 measurement (16, 18) . The HR during the central 6 h of sleep in both conditions was significantly lower in the young than in the middle-aged group. These data agree with the study of Crasset et al. (23) , which documented that the R-R interval did not differ between young and older subjects during awake periods but was higher in the young than in the older subjects during both rapid eye movement (REM) and non-REM sleep. Goldsmith et al. (24) have also reported higher R-R interval values during the night in young men as an expression of vagal predominance during sleep.
Under awake control conditions, the intergroup differences of HRV in both the time and frequency domains found in our study were not statistically significant. Nevertheless, during the sleeping situation there were significant differences in parasympathetic modulation between young and middle-aged men. With respect to high frequency power, the higher values found in the young than in middle-aged group support the interpretation that young men exhibit a higher parasympathetic activity during sleep. Our results were similar to those obtained by JensenUrstad et al. (25) who reported a higher high frequency power value in younger than in older subjects during sleep. Crasset et al. (23) also reported that R-R variability was higher in the young subjects than in older volunteers during the awake and sleeping conditions both in the REM and non-REM stages.
As a whole, the above findings of an agedependent difference in R-R intervals and HRV during the sleep condition indicate that the occurrence of vagal predominance in this physiological condition is decreased by aging. It should be emphasized that the decrease in vagal tonus in the sinus node has also been reported in pathological conditions such as myocardial infarction, and is associated with an increased risk of new cardiac events and sudden death (8) . However, it is not known if the age-dependent decrease in vagal tonus has the same risk effect on the heart of healthy middle-aged men, as documented in the present study.
A limitation of our study was that the 24-h ECG recording was not accompanied by polysomnographic sleep recording. Despite this, the established criterion was to analyze intervals with the highest stationary periods of ECG recording during sleep since this condition most likely occurs in the non-REM stages -when there is a shift of cardiac sympathovagal balance, with a corresponding increase in parasympathetic over sympathetic stimulation in the sinus node (23, 26, 27) .
However, it should be emphasized that sleep is a peculiar physiological condition and the mechanisms controlling the high frequency component of R-R variability are unclear. The literature reports that the high frequency component is mediated not only by direct modulation of vagal efferent activity, resulting from baroreceptor responses conveyed to respiratory and blood pressure centers in the central nervous system (28) , but also by mechanical effects on the sinus node related to phasic changes in venous return caused by respiratory movement (29) .
In spite of these considerations, the reduction of HRV with age in man has been well documented in the literature (4, 7, 25) . However, the mechanisms responsible for this physiological response are unknown. Byrne et al. (4) suggested that age per se, and not the reduction in aerobic capacity or the increase in fat usually associated with the aging process, plays the major role in decreasing HRV in older subjects. Also, it has been shown that the decline in HRV with aging is mainly, but not exclusively, due to a decline in parasympathetic tonus (23, 30) .
Concerning the effects of aerobic training on HRV, several studies have found HRV modifications in this physiological condition (7, 15, 24, 31) . Particularly important is the investigation conducted by Goldsmith et al. (24) who studied and compared 24-h HRV in aerobically trained and untrained healthy young men and observed that parasympathetic activity is substantially greater in trained than in untrained men, during both waking and sleeping hours.
In the present study, although several significant cardiorespiratory adaptations related to oxygen uptake were induced by dynamic training in both groups, they were not accompanied by significant changes in resting HR and HRV (time and frequency domains) during the sleeping condition. However, in the awake condition a resting bradycardia was observed after training in both groups studied, without concomitant changes in time or frequency domain HRV. So, the resting bradycardia observed in this study was not accompanied by an increase of the high frequency component, suggesting a nonsignificant participation of vagal modulation in this adaptive response. In this regard, our results are similar to those of Boutcher and Stein (10) who reported significant increases in both absolute and relative peak V . O 2 associated with a corresponding decrease in resting HR, without an increase in HRV (analysis in time and frequency domains in a middleaged group (45 years) after aerobic training). In contrast, another study (31) on older awake subjects (67 ± 5.1 years) observed an increase in HRV in both the time and frequency domain components (very low frequency and low frequency) after 6-month aerobic training or even that exercise training may increase parasympathetic activity throughout the day (24) . Moreover, Stein et al. (15) , studying the effect of 12-month supervised aerobic training on cardiac autonomic modulation in healthy older adults (66 ± 4 years), found an increase in total HRV and a reduction in nocturnal HR. Also, the same investigators have shown that a sustained increase in HRV lasted over a oneyear period for those who maintained a steady training level.
Thus, the studies discussed above support the fact that in short-term aerobic physical training different mechanisms may be responsible for the resting bradycardia induced by aerobic training. It should be mentioned that this adaptation is a well-documented response reported for both man (16, 25, 32) and other species (33) .
The resting HR is modulated by a balance between sympathetic and parasympathetic tone with a predominance of the latter (16, 34) . On this basis, some reports state that an increased vagal tonus is the main mechanism for the bradycardia induced by aerobic physical training (35) . Goldsmith et al. (24) reported that the bradycardia exhibited by endurance-trained individuals is attributed, at least in part, to greater parasympathetic activity. However, several other studies have failed to demonstrate differences in vagal tone between trained and untrained subjects (6, 32, 36, 37 ). Yet, others have indicated a decrease in sympathetic activity in the sinus node (38) or both an increase in vagal activity and a decrease in sympathetic activity (39) . On the other hand, studies on animals (33) and on humans (6, 32, 36, 40) have suggested that this bradycardia is mainly due to a reduction in intrinsic HR.
Within this context, our data suggest that, at least in men, resting bradycardia induced by short-term aerobic training seems to be mediated by adaptations much more related to intrinsic alterations in the sinus node than to changes in efferent vagal-sympathetic modulation of the sinus node, because the resting bradycardia observed was not accompanied by an increase of the high frequency component and/or a decrease of the low frequency component that would express a higher vagal modulation and/or a low sympathetic modulation of this structure.
Our findings are consistent with previous studies conducted on animals (33) and mainly on humans (6, 32, 36, 37, 40) under carefully designed protocols using less invasive or noninvasive procedures associated with better quantitative methods. Nevertheless, Negrão et al. (33) did not exclude the possibility of a decreased resting firing rate of the vagus after training when they observed impairment of vagal function evaluated by reflex bradycardia and electrical vagal stimulation.
The absence of significant changes in HRV associated with an increase in aerobic capacity induced by aerobic training, documented in the present study, may be related to the fact that the experimental design was directed to evaluate the cardiorespiratory adaptation in short-term training. Our data support the results of other studies that documented no HRV change after aerobic exercise training in young (40) and middle-aged men (10) .
The results of the present investigation indicate that the vagal predominance during sleep in men is reduced with age. Again, the resting bradycardia induced by short-term aerobic training in both young and middle-aged men is much more related to intrinsic alterations in the sinus node than to changes in efferent vagal-sympathetic modulation. Furthermore, the greater alterations in aerobic capacity than in HRV in both groups may be related to the magnitude of different timedependent responses of each cardiorespiratory variable induced by the training stimulus.
